DEADSouth was selected in a screen for localized RNAs in Xenopus oocytes. In situ hybridization analysis shows that DEADSouth localizes to the vegetal cortex via the mitochondrial cloud early in oogenesis and segregates with germ plasm during early embryogenesis. These results lend further support for the general concept that the role of the early RNA localization pathway in Xenopus is to localize germ cell components (reviewed in King, M.L., Zhou, Y., Bubunenko, M., 1999. BioEssays 21, 546±557). Further analysis shows that DEADSouth is a germline speci®c RNA, found exclusively within the germ plasm of oocytes and PGCs, as well as in male germ cells. Sequence comparisons with DEADSouth show it to be a member of a small sub-family of the DEAD-box RNA-dependent helicases related to eIF4A. q
Results
In a wide variety of organisms, the germline can be distinguished by the presence of a unique cytoplasmic domain, the germ plasm, believed to contain the determinants of germ cell fate (reviewed in Wylie, 1999; Houston and King, 2000) . Germ plasm in both Drosophila and Xenopus has been shown to contain localized RNAs, many of which encode RNA-binding proteins. We selected DEADSouth (formerly called Xcat3) in a screen for vegetally localized maternal RNAs (Elinson et al., 1993; Mosquera et al., 1993) . DEADSouth was initially identi®ed as a DEADbox protein based on the strong similarity between its nucleotide sequence and a 94-base pair region encoding the HGIGR motif of eukaryotic initiation factor 4A (eIF4A).
Full-length DEADSouth consists of 43 bp of 5 H UTR, 1452 bp of coding region and 1597 bp of 3 H UTR. The predicted 483 amino acids code for a 58 kDa protein whose sequence includes the eight appropriately spaced conserved sequences common to the DEAD-box protein family (Schmid and Linder, 1992) . The family is named after the amino acid sequence DEAD (asp-glu-ala-asp) found in all members (Linder et al., 1989; Schmid and Linder, 1992) (Fig. 1A) . In vitro translation of transcribed pDS or pCS2DS capped RNA resulted in a protein of 57 kDa, very close to the predicted size based on the sequence (data not shown). In addition to the consensus polyadenylation site, the 3 H UTR contains several potential translational regulatory elements. At positions 2124 and 2169, there are bipartite elements of 50 bp that are similar to the nos recognition element (NRE) characterized in Drosophila and involved in translational repression (Wharton and Struhl, 1991) .
Developmentally relevant members of the DEAD-box family were compared to DEADSouth. We asked whether DEADSouth was closely related to Vasa because of possible parallels in germ plasm function and the Nos/Xcat2 relatedness (Mosquera et al., 1993) . Vasa is required for proper pole plasm assembly and translational activation of nos RNA in Drosophila (Gavis et al., 1996) . Interestingly, it demonstrates enzymatic functions of eIF4A (Lasko and Ashburner, 1988; Liang et al., 1994) and is a germlinespeci®c translational regulator (Wang et al., 1994; Styhler et al., 1998; Carrera et al., 2000) . Multiple sequence analysis of selected DEAD-box proteins indicated that DEADSouth is more like eIF4A than other developmentally important DEAD-box proteins (Fig. 1B) . Of the three eIF4As in Xenopus, DEADSouth is not signi®cantly more related to one than the other. A re®ned screen gave one match to a (Gee and Conboy, 1994) . The alignment of the two predicted proteins is given in Fig. 1A . Of the 478 amino acids of MusDEAD5, 61% of the amino acids are identical and 72% similar with conserved substitutions. Another region unique to DEADSouth and MusDEAD5 is a six amino acid insertion (three of six identical amino acids) just before the HRIGR box (Fig. 1A, box C) . Similar proteins containing this insert have been identi®ed in yeast (Rat8) and C. elegans (CelORF). RAT8p associates with the nuclear pore complex and is required for RNA nuclear export (Hodge et al., 1999) . In summary, DEADSouth appears to be a member of a distinct subfamily of eIF4A-like DEADbox proteins (Snay- Hodge et al., 1998) .
We next asked when DEADSouth was expressed in development and how widely it was distributed in adult tissues. DEADSouth RNA, as analyzed by RNase protection, remained at constant levels throughout oogenesis (not shown) and in the egg, decreased during gastrulation and was not detected at the end of gastrulation ( Fig. 2A) . Blot hybridization against equal amounts of total RNA isolated from an array of adult organs shows that DEADSouth is expressed as a single 3.1 kb species of RNA in only ovary and testis (Fig. 2B ). Signi®cantly more DEADSouth RNA appears to accumulate in ovary compared to testis. This observation is in contrast to two other maternally localized RNAs we have characterized. Xdazl is equally expressed in both tissues (Houston et al., 1998) and Xcat2 is found only in ovary (MacArthur et al., 1999) . In situ analysis of testis showed that DEADSouth was only in spermatogonia, spermatocytes, and spermatids (data not shown).
Next we determined the pattern and timing of DEADSouth RNA localization to the vegetal cortex. Previous work has identi®ed two RNA localization pathways during oogenesis, one operating early via the mitochondrial cloud and a later pathway requiring microtubules. Whole-mount in situ analysis showed that DEADSouth followed the early pathway as exempli®ed by Xcat2 (MacArthur et al., 1999) Protein sequence alignment was generated by GCG Lineup and adjusted by visual inspection. Identical residues are shaded black and similar ones are shaded gray. Diagnostic sequences, or boxes, are indicated by a thick line under the sequence. Boxes (A,C) are diagnostic for DEADSouth-like protein sequences; Box (B) was identi®ed by Gee and Conboy (1994) as diagnostic for eIF4A-like DEAD-box sequences. Arrowheads indicate beginning and end of minimal common DEAD-box protein sequence (approximately 380 amino acids); these amino acids (F99-A444) are common to all DEAD-box protein sequences examined for this study. GenBank accession number for the sequence reported in this paper is AF190623. (B) Dendrogram based on multiple sequence alignment compiled using GCG 8.0 Pileup program and complete amino acid sequences. Proteins are as follows: MusDEAD5, mouse; ScRat8p, S.cerevisia; CelORF, C.elegans; DroME31b, Drosophila; Xlp54, Xenopus; MuseIF4a, mouse; XleIFA1, Xenopus; XleIF4A2, Xenopus; DmeIF4A, Drosophila; XleiIFA1, Xenopus; XlAn3, Xenopus; MusPL10, mouse; ScDED1, S.cerevisiae; MusDVH, mouse; Xvlg1, Xenopus vasa-like gene; DroVasa, Drosophila vasa; CelGlh1, C.elegans germline helicase; Dbp73d, Drosophila ovarian DEAD-box protein. and Xdazl RNA (Houston et al., 1998) . We could detect DEADSouth RNA in early diplotene oocytes isolated from juvenile frogs prior to mature mitochondrial cloud formation (Fig. 3A) . In these cells, DEADSouth RNA is in the ooplasm and in perinuclear mitochondrial aggregates similar to the pattern described for Xcat2 (Kloc et al., 1996; MacArthur et al., 1999) . As the mature mitochondrial cloud forms, DEADSouth RNA accumulates within this domain. In stage II oocytes, DEADSouth has arrived at the vegetal cortex (Fig. 3B,C) in a pattern identical to that described for other mitochondrial cloud speci®c RNAs (Forristall et al., 1995; Kloc et al., 1996; Houston et al., 1998) . Between stages III and IV, the DEADSouth signal continues to thin and spread out along the vegetal cortex (Fig. 3D±H) . The expression pattern remains unchanged through the rest of oogenesis (Fig. 3I) .
The early mitochondrial cloud localization pathway has been correlated with the establishment of the germ cell lineage (Heasman et al., 1984; King et al., 1999) . Whole-mount in situ hybridization analysis of early embryos shows that indeed, DEADSouth RNA was expressed in a pattern characteristic of germ plasm (Czolowska, 1969; Whitington and Dixon, 1975; Heasman et al., 1984; Savage and Danilchik, 1993) . Speci®cally, in the four-cell embryo, germ plasm is found as approximately 80 yolk-free islands in the vegetal cortical area. DEADSouth staining mimicked this pattern (Fig. 4A) . In later stages, the germ plasm coalesces into larger pools that are asymmetrically distributed to only four blastomeres. At these stages (cleavage and blastula), the germ plasm remains near the plasma membrane of the PGCs. Fig. 4B shows that DEADSouth displays the identical spatial pattern including the peripheral location (Fig. 4C) . At gastrulation, when the germ plasm moves to a perinuclear location, DEADSouth staining, as revealed in plastic sections of cells hybridized to an DEADSouth anti-sense RNA probe, is perinuclear as well (Fig. 4D±F) . Our data strongly supports the conclusion that DEADSouth RNA is a component of the germ plasm.
Materials and methods

Xenopus oocytes, embryos, and tissues
Adult frogs and froglets (3±4 cm) were purchased from Xenopus One or Xenopus Express. Oocytes isolated from adult frogs were staged according to Dumont (1972) . Prestage I (20±50 microns) and stage I (50±300 microns) oocytes were isolated by collagenase A treatment (0.8 mg/ ml in 0.1 M PO 4 pH 7.4) of dissected ovaries. Embryos were produced and staged by standard protocols. Oocytes or embryos were either stored at 2808C for later biochemical analysis or ®xed for 2 h in MEMFA (0.1 M MOPS (pH 7.4) 2 mM EDTA, 1 mM MgSO 4 ), and stored in ethanol at 2208C for subsequent in situ hybridization analysis. Tissues from anesthetized adult animals were removed and quickly frozen in liquid nitrogen.
5
H RACE, DNA sequencing and analysis of DEADSouth
The original DEADSouth clone was isolated from a pSPORT cDNA library and was called Xcat3 (Mosquera et al., 1993) . The 5 H end of the nucleotide sequence, including the 5 H -untranslated region (5 H UTR) and the beginning of the amino acid coding sequence, was generated by 5 H RACE. All DEADSouth cDNAs were sequenced by the Sanger dideoxy termination method using Sequenase 2.0 and following the manufacturer's recommendations (United States Biochemical, Cleveland, OH). Sequence data was analyzed initially using the Intelligenetics program; subsequent analyses were done using the GCG 7.0 and 8.0 program packages. For RNA synthesis, the SP6 MEGAScript kit (Ambion, Austin, TX) was used according to the manufacturer's recommendations, with a 4:1 Cap analogue:GTP ratio. Capped mRNA was in vitro transcribed with SP6 polymerase from pCS2DS after cutting with Xbal. DEADSouth was translated much more ef®ciently in reticulocyte lysate than in wheat germ.
Northern blots and RNase protection
Northern blot analysis was carried out on RNA samples isolated from embryos and adult tissues as previously described (Houston et al., 1998) . A DEADSouth probe was synthesized by random primer labeling of a SalI/NotI insert from a subclone (pDS3UTR) containing the 1.6 kb 3 H UTR sequence and only 50 bp of the ORF. RNase protection was performed essentially as described in Forristall et al. (1995) with modi®cations detailed in Houston et al. (1998) . To generate a unique antisense DEADSouth probe, pXCAT3F (containing the 5 H most 350 nucleotides) was linearized with XbaI. Antisense RNA was transcribed with T7 to give a probe 350 nucleotides (nt) in length and a subsequent protected fragment of 250 nt. The ODC probe was used as a control for RNA loading and gave a 90 nt protected fragment.
In situ hybridization
In situ hybridization procedures and histology were exactly as detailed in Houston et al. (1998) . Whole-mount in situ analysis and sectioning of dissociated embryonic cells was carried out exactly as described in MacArthur et al. (1999) . DEADSouth antisense digoxigenin-labeled RNA probes were generated by linearizing pDS3UTR plasmid with Sal1 and transcribing with T7. For sense probes, the plasmid was linearlized with NotI and transcribed with SP6 (Promega).
